Erythropoietin (EPO) is typically known for its role in erythropoiesis but is also a potent neurotrophic/neuroprotective factor for spinal motor neurons. Another trophic factor regulated by hypoxia-inducible factor-1, vascular endothelial growth factor (VEGF), signals via ERK and Akt activation to elicit long-lasting phrenic motor facilitation (pMF). Because EPO also signals via ERK and Akt activation, we tested the hypothesis that EPO elicits similar pMF. Using retrograde labeling and immunohistochemical techniques, we demonstrate in adult, male, Sprague Dawley rats that EPO and its receptor, EPO-R, are expressed in identified phrenic motor neurons. Intrathecal EPO at C4 elicits long-lasting pMF; integrated phrenic nerve burst amplitude increased Ͼ90 min after injection (63 Ϯ 12% baseline 90 min after injection; p Ͻ 0.001). EPO increased phosphorylation (and presumed activation) of ERK (1.6-fold vs controls; p Ͻ 0.05) in phrenic motor neurons; EPO also increased pAkt (1.6-fold vs controls; p Ͻ 0.
Introduction
The neural network controlling breathing uses multiple strategies to maintain an adequate oxygen supply, including negative feedback, feedforward, and adaptive control strategies (i.e., neuroplasticity; Mitchell and Johnson, 2003) . Growth/trophic factors play key roles in many forms of respiratory plasticity (Mitchell and Johnson, 2003; Golder, 2008; Spedding and Gressens, 2008) . For example, new synthesis of brain-derived neurotrophic factor (BDNF) and activation of its high-affinity receptor underlie a form of spinal respiratory plasticity: phrenic long-term facilitation (pLTF) after acute intermittent hypoxia (Fuller et al., 2000; Baker-Herman et al., 2004) . Although BDNF signals via ERK MAP kinases and Akt (Reichardt, 2006; Golder, 2008) , only ERK activation is required for pLTF (M. S. Hoffman and G. S. Mitchell, unpublished observations) .
Vascular endothelial growth factor (VEGF) is a hypoxiasensitive growth/trophic factor (Liu et al., 1995; Forsythe et al., 1996) originally known for its angiogenic (Connolly et al., 1989) and cell permeabilization (Senger et al., 1986) properties. Spinal VEGF receptor activation elicits long-lasting phrenic motor facilitation (pMF) via an ERK-and Akt-dependent mechanism (Dale-Nagle et al., 2011) .
Erythropoietin (EPO) is another hypoxia-sensitive protein with hematopoietic properties (Bert, 1882; Bert, 1878; Jourdanet, 1875) . EPO and its receptor (EPO-R) are expressed in the mammalian CNS (Masuda et al., 1994; Digicaylioglu et al., 1995; Marti et al., 1996; Morishita et al., 1997; Bernaudin et al., 1999; Brines et al., 2000; Juul, 2000) , in which they are regulated by hypoxiainducible factor-1 (HIF-1␣) (Semenza et al., 1991; ; recent evidence suggests additional regulation via HIF-2␣ (Yeo et al., 2008) . EPO induces hippocampal synaptic plasticity (Weber et al., 2002) , including long-term potentiation (Adamcio et al., 2008) , and is neuroprotective for hippocampal (Sirén et al., 2001; Xiong et al., 2010) and motor (Celik et al., 2002; Iwasaki et al., 2002; Mennini et al., 2006; Koh et al., 2007; Nagań ska et al., 2010) neurons. EPO-induced neuroprotection is ERK and Akt dependent (Kilic et al., 2005; Zhang et al., 2006; Shen et al., 2010) , consistent with known downstream signaling from EPO-R activation (Gobert et al., 1995; Bao et al., 1999) .
EPO modulates breathing via actions on peripheral chemoreceptors and brainstem respiratory neurons (Soliz et al., , 2007a and contributes to ventilatory acclimatization to chronic hypoxia ). Soluble EPO-R is a negative regulator of EPO binding that attenuates ventilatory acclimatization (Powell et al., 1998) , demonstrating long-lasting EPO effects on the control of breathing (Soliz et al., 2007b) . The impact of spinal EPO on the control of breathing has not been investigated previously.
Because EPO signals via ERK (Miura et al., 1994a; Gobert et al., 1995) and/or Akt (Damen et al., 1993; He et al., 1993; Mayeux et al., 1993; Miura et al., 1994b) , we tested the hypotheses that (1) spinal EPO-R activation elicits pMF, (2) EPO and EPO-Rs are expressed in phrenic motor neurons, (3) spinal EPO increases phosphorylation of downstream signaling molecules in phrenic motor neurons (e.g., ERK and Akt), and (4) EPO-induced pMF requires spinal ERK and Akt activity.
Materials and Methods

Experimental animals
Three to 5-month-old adult male Sprague Dawley rats (colony 218A; Harlan) were used for all experiments. Animals were double housed with food and water ad libitum in a temperature-and light-controlled environment (12 h light/dark cycle, daily humidity and temperature monitoring). All protocols were approved by The Institutional Animal Care and Use Committee at the University of Wisconsin.
Immunohistochemical experiments
Retrograde labeling of phrenic motor neurons. To identify phrenic motor neurons, 12 rats were used for retrograde labeling with cholera toxin B (CtB) subunit via intrapleural injection (Mantilla et al., 2009) . Isoflurane anesthesia was induced in a closed chamber and maintained via nose cone (1.5% isoflurane in 100% oxygen). A total of 25 l of 0.5% CtB subunit (dissolved in 0.9% sterile saline; List Biological Laboratories) was injected into the right and left thoracic cavities (6 mm deep, fifth intercostal space) using a 25 l Hamilton syringe and a custom-made needle (6 mm, 23 g, semi-blunt). Rats were monitored for signs of respiratory compromise, but none were evident. Three days after surgery, the rats were anesthetized with isoflurane and prepared for intrathecal drug injections (see below).
EPO and EPO-R immunostaining. Naive rats (n ϭ 5) were killed with an overdose of Beuthanasia (0.3 ml, i.p.) and perfused transcardially with ice-cold 0.01 M PBS, pH 7.4, followed by 4% buffered paraformaldehyde. Cervical spinal cords were excised, postfixed overnight, and cryoprotected in 30% sucrose at 4°C until they sank. Transverse sections (40 m) of C4 -C5 ventral horn (including the phrenic motor nucleus) were cut using a freezing microtome (Leica SM 200R) . In brief, free-floating sections were washed in 0.1 M Tris-buffered saline with 0.1% Triton X-100 (TBS-Tx; three times for 5 min) and incubated in TBS containing 1% H 2 O 2 for 30 min. After washing (three times for 5 min) in TBS-Tx, tissues were blocked with 5% normal goat serum at room temperature (RT) for 60 min. Staining was performed by incubating sections with rabbit polyclonal anti-EPO (H-162; 1:500; Santa Cruz Biotechnology) or anti-EPO-R (C-20; 1:500; Santa Cruz Biotechnology) at 4°C overnight. Both EPO and EPO-R antibodies are widely used, and their specificity has been tested in previous studies (Anderson et al., 2009; Sanchez et al., 2009; Mazur et al., 2010; Wu et al., 2010) . The sections were washed in TBS-Tx and incubated in biotinylated secondary goat anti-rabbit antibody (1: 1000; Vector Laboratories). Conjugation with avidin-biotin complex (Vecstatin Elite ABC kit; Vector Laboratories) was followed by visualization with 3,3Ј-diaminobenzidine hydrogen peroxidase (DAB) (Vector Laboratories) according to the instructions of the manufacturer. Sections were washed in TBS, placed on gelatin-coated slides, dried, dehydrated in a graded alcohol series, cleared with xylenes, and mounted with Eukitt medium.
To localize EPO and EPO-R in phrenic motor neurons, free-floating sections from CtB-injected rats were washed in TBS-Tx (three times for 5 min) and blocked with 5% normal donkey serum (NDS) at RT for 60 min. Staining was performed by incubating sections with either rabbit polyclonal anti-EPO (H-162; 1:200; Santa Cruz Biotechnology) or rabbit EPO-R (C-20; 1:200; Santa Cruz Biotechnology) with anti-CtB antibody (Nondenatured Cholera Toxin B; goat polyclonal; 1:10,000; Calbiochem) at 4°C overnight. The sections were washed in TBS-Tx (three times for 5 min) and incubated in conjugated donkey anti-rabbit green fluorescent Alexa Fluor 488 (1:500; Invitrogen) or donkey anti-rabbit green fluorescent Alexa Fluor 488 (1:500; Invitrogen) and donkey antigoat red fluorescent Alexa Fluor 594 (1:500; Invitrogen). Stained tissues were mounted under glass using anti-fade solution (Prolong Gold antifade reagent; Invitrogen). All images were captured and analyzed with a digital camera (Qcapture Pro 6.0; QImaging). Photomicrographs were created with Adobe Photoshop software (Adobe Systems).
All images presented in the figures received equivalent adjustments to brightness/contrast and exposure. Semiquantitative analysis (see below) was performed in a blinded manner before making any adjustments for white balance, gain, gamma, or offset. Sections incubated without primary or secondary antibodies or served as negative controls.
Intrathecal EPO injections. After induction in a closed chamber, isoflurane anesthesia was maintained initially via nose cone. The rats were then tracheotomized and pump ventilated (2.5 ml; Rodent Ventilator, model 683; Harvard Apparatus), and isoflurane anesthesia was continued through the ventilator for the duration of surgery (3.5% isoflurane in 50% O 2 ). After completion of surgery, rats were converted to urethane anesthesia via injection into a tail vein catheter (1.8 g/kg). To replicate the surgical preparation during neurophysiological experiments (see below), rats received bilateral vagotomy, the femoral artery was tied off, and phrenic and hypoglossal nerves were transected. An intrathecal silicone catheter (2 French; Access Technologies) was placed with the tip on the dorsal surface of C4 after a C2 laminectomy and durotomy. Pancuronium bromide (2.5 mg/kg, i.v.) was used to induce paralysis. Body temperature was maintained within 1°C of the initial measurement (rectal probe; Traceable; Thermo Fisher Scientific) with a custom built, temperature-controlled surgical table. PETCO 2 was maintained between 41 and 44 mmHg as measured with a flow-through capnograph with sufficient response time to measure end-tidal CO 2 in rats (Capnogard; Novametrix). Rats received one of four intrathecal drug treatments: (1) 10 l of EPO (recombinant human; tissue culture grade; doses ranged from 4 to 30 international units; R & D Systems) dissolved in 0.1% bovine serum albumen (BSA) and artificial CSF (aCSF) (in mM: 120 NaCl, 3 KCl, 2 CaCl, 2 MgCl, 23 NaHCO 3 , and 10 glucose bubbled with CO 2 ); (2) 12 l of U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene], an MEK inhibitor (dissolved in 100% DMSO and diluted with aCSF to a final concentration of 100 mM in 20% DMSO; Promega) before EPO; (3) 12 l of LY294002 [2-(4-morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one], a phosphatidylinositol 3-kinase (PI3K) inhibitor (dissolved in 100% DMSO and diluted with aCSF to a final concentration of 100 mM in 20% DMSO; Tocris Bioscience) before EPO; or (4) 10 l of 0.1% BSA in aCSF. After 15 min, rats were perfused and fixed for phospho-ERK and phospho-Akt immunohistochemistry.
Phospho-ERK, phospho-Akt, and CtB immunostaining. To identify ERK and Akt phosphorylation in the phrenic motor nucleus after intrathecal EPO, with or without inhibitors of MEK (U0126) or PI3K (LY294002), C4 -C5 spinal tissues from CtB-injected rats were blocked in NDS for 60 min and then incubated in phospho-ERK (1:500; Cell Signaling Technologies) or phospho-Akt antibodies (1:500, Cell Signaling Technologies) at 4°C overnight. The sections were washed in TBS-Tx and incubated in biotinylated secondary donkey anti-rabbit antibody (1:1000; Jackson ImmunoResearch). Conjugation with avidin-biotin complex (Vecstatin Elite ABC kit; Vector Laboratories) was followed by visualization with DAB (Vector Laboratories) according to the instructions of the manufacturer. After washing with TBS-Tx (three times for 5 min), tissues were labeled with anti-CtB antibody (non-denatured CtB; goat polyclonal; 1:10,000; Calbiochem) overnight. The tissues were then incubated in conjugated donkey anti-goat red fluorescent Alexa Fluor 488 (1:500; Invitrogen) at RT for 60 min to visualize CtB. Stained tissues were mounted under glass using anti-fade solution (Prolong Gold antifade reagent; Invitrogen). Phospho-ERK and phospho-Akt protein expression (brown) were examined in CtB back-labeled phrenic motor neurons (green) with an epifluorescence microscope (Nikon).
Quantification and analysis of photomicrographs. Eight sections from each rat (n ϭ 3 rats per group) at the C4 -C5 segmental level were used for investigator-blinded immunohistochemical analyses. Phrenic motor neurons were identified as a cluster of large, fluorescing neurons in the mediolateral C4 ventral horn (Boulenguez et al., 2007; Mantilla et al., 2009 ; Dale-Nagle et al., 2011). Digital photomicrographs of immunore-active labeling in the region of the phrenic motor nucleus were taken with the 20ϫ objective lens (Qcapture Pro 6.0; QImaging). Densitometry was performed by circumscribing the phrenic motor nucleus based on CtB labeling and determining the intensity of phospho-ERK and phosphoAkt immunostaining using NIH ImageJ software (http://rsb.info.nih.gov/ ij). Images were converted to eight-bit resolution, and the threshold was set between 120 and 160 during all analyses. The optical density (OD) was measured within circumscribed phrenic motor neurons and expressed as an average OD per unit area for each individual cell. For each cell, the OD of phospho-ERK and phospho-Akt immunoreactivity was expressed as a fraction of the average OD of all cells in vehicle-treated rats. Thus, the mean OD in control rats is expected to be 1.0, with a variance that reflects variations among cells within group. In EPO-treated rats, the OD was expressed as a ratio to the average of vehicle-treated cells. This normalized OD served as a measure of relative protein concentration of phospho-ERK and phospho-Akt within CtB-labeled cells. Data were compared between treatment groups using one-way ANOVA. Differences were considered significant if p Ͻ 0.05. All values are expressed as means Ϯ 1 SEM.
Neurophysiology experiments
Surgical preparation. Isoflurane anesthesia (3.5% isoflurane in 50% O 2 ) was induced in a closed chamber and maintained with a nose cone. Rats were tracheotomized and pump ventilated (2.5 ml; Rodent Ventilator, model 683; Harvard Apparatus). After surgery, rats were slowly converted to urethane anesthesia (1.8 g/kg) via tail vein catheter. To eliminate pulmonary stretch-receptor feedback and, thus, entrainment of respiratory activity with the ventilator, bilateral vagotomy was performed. Arterial blood taken via femoral artery catheterization enabled blood gas analysis throughout the experiment. After C2 laminectomy and durotomy, one or two intrathecal silicone catheters (2 French; Access Technologies) were placed with their tips resting on the dorsal surface of the C4 spinal segment. The left phrenic nerve was isolated via dorsal approach, cut distally, desheathed, submerged in mineral oil, and placed on bipolar silver electrodes. Rats were paralyzed with pancuronium bromide (2.5 mg/kg, i.v.) after confirming adequate anesthesia (no purposeful movements or cardiorespiratory responses to toe pinch). Body temperature was measured with a rectal probe (Traceable; Thermo Fisher Scientific) and maintained within Ϯ1.0°C of baseline temperature via a custom-built, temperaturecontrolled surgical table. A flow-through capnograph with a sufficient response time to measure end-tidal CO 2 in rats (Capnogard; Novametrix) was used to acquire end-tidal CO 2 . Blood samples were drawn at specified times into a heparinized plastic capillary tube (250 ϫ 125 l cut in half; Radiometer Medical) to monitor arterial blood gases (PaO 2 and PaCO 2 ), pH, and base excess (ABL 800Flex; Radiometer Medical). Blood pressure and acid/base balance were maintained via continuous intravenous fluid infusion (1: 3.75:3 by volume of NaHCO 3 /lactated Ringer's/ Hetastarch; 1.5-2.2 ml/h).
Phrenic nerve activity was amplified (10,000 ϫ; A-M Systems), bandpass filtered (100 Hz to 10 kHz), rectified, processed with a moving averager (CWE 821 filter; time constant, 50 ms), and sampled at a rate of 4 kHz. WINDAQ dataacquisition system (DATAQ Instruments) was used to analyze the digitized, integrated signal. Peak integrated phrenic burst frequency and amplitude and mean arterial pressure were analyzed in 60 s bins directly before blood samples were taken. Data were included only if PaCO 2 was maintained within Ϯ1.5 mmHg of baseline, base excess was within Ϯ5 of baseline, and the change in mean arterial pressure from the beginning to the end of a protocol was Ͻ30 mmHg. Frequency data and nerve burst amplitudes are expressed as percentage change from baseline.
The apneic threshold (the CO 2 level at which neural signals cease to fire) was determined at least 1 h after conversion to urethane anesthesia by decreasing inspired CO 2 and/or increasing ventilator frequency. Baseline was established by maintaining end-tidal PCO 2 between 1 and 2 mmHg above the phrenic burst recruitment threshold (the PaCO 2 at which respiratory activity resumes; Bach and Mitchell, 1996) . Baseline blood was drawn after 25 min of stable nerve recordings to establish a point of comparison for subsequent blood gas measurements. The rats then received one of six treatments (outlined below), and arterial blood samples were taken 15, 30, 60, and 90 min after intrathecal injections. All electrophysiological data were analyzed with a repeated-measures, twoway ANOVA (SigmaStat 2.03).
Drug administration. Six treatment protocols were used in the electrophysiological study: (1) 10 l of EPO (recombinant human; tissue culture grade; doses ranged from 4 to 30 international units; R & D Systems) dissolved in 0.1% BSA and aCSF (in mM: 120 NaCl, 3 KCl, 2 CaCl, 2 MgCl, 23 NaHCO 3 , and 10 glucose bubbled with CO 2 ); (2) 12 l of U0126, an MEK inhibitor (dissolved in 100% DMSO and diluted with aCSF to a final concentration of 100 mM in 20%DMSO; Promega) before EPO; (3) U0126 without EPO; (4) 12 l of LY294002, a PI3K inhibitor (dissolved in 100% DMSO and diluted with aCSF to a final concentration of 100 mM in 20% DMSO; Tocris Bioscience) before EPO; (5) LY294002 without EPO; or (6) or just 10 l of vehicle (0.1%BSA in aCSF). All drugs were slowly administered intrathecally over the course of 2 min. When two drugs were used in the same protocol (e.g., U0126 ϩ EPO), the inhibitor was given 15-20 min before EPO injections. When working with EPO, all syringes, vials, and catheters were incubated beforehand with vehicle to prevent protein binding. The optimal EPO dose used was chosen based on a preliminary dose-response curve.
Results
Immunohistochemical experiments
EPO and EPO-R are expressed in identified phrenic motor neurons DAB staining in C4 ventral horn (i.e., the region of the phrenic motor nucleus; Goshgarian and Rafols, 1981; Boulenguez et al., 2007; Mantilla et al., 2009 ) revealed EPO immunolabeling in presumptive phrenic motor neurons (Fig. 1 A, B) . In rats that received CtB injections, EPO immunolabeling colocalized with CtB staining (i.e., within phrenic motor neurons; n ϭ 5). CtB-positive cells (Fig. 1C-F ) are shown in coronal sections of C4 within the mediolateral ventral horn. EPO immunostaining is also found in smaller cells, possibly interneurons (Lane et al., 2008) or other non-identified somatic motor neurons.
EPO-R is also revealed via DAB staining in putative phrenic motor neurons (Fig. 2 A, B) and, in rats receiving CtB injections, colocalizes with CtB immunoreactivity. Thus, both EPO and EPO-R are expressed in identified phrenic motor neurons (Fig.  2C-F ) .
EPO increases phospho-ERK and phospho-Akt in phrenic motor neurons
Because EPO-R is expressed in phrenic motor neurons, and EPO-R signals via ERK MAP kinases and Akt, we hypothesized that intrathecal EPO injections at C4 would increase phosphorylation of ERK and Akt in the phrenic motor nucleus. We further Figure 3 . Phospho-ERK expression in C4 phrenic motor neurons after intrathecal EPO injection. A, Phospho-ERK (dark brown staining) is expressed in C4 phrenic motor neurons and is colocalized with CtB (top row, vehicle). pERK is upregulated after intrathecal EPO injection (middle row), and this upregulation is blocked by U0126 (UO; MEK/ERK inhibitor; second row from bottom) and the PI3K/Akt inhibitor LY294002 (LY; bottom row). B, Densitometry in CtBlabeled phrenic motor neurons showed increased phospho-ERK after intrathecal EPO-versus vehicle-treated rats. Pretreatment with U0126 and LY294002 brings pERK protein expression to vehicle levels. Data are means Ϯ 1 SEM. *p Ͻ 0.05 versus all other groups. Scale bar, 100 m. . Phospho-Akt expression in C4 phrenic motor neurons after intrathecal EPO injection. A, Phospho-Akt (dark brown staining) is expressed in C4 phrenic motor neurons and is colocalized with CtB back-labeled phrenic motor neurons. pAkt is upregulated after EPO injection (middle rows), and that upregulation is blocked after LY294002 or U0126 pretreatment (bottom two rows). B, Densitometry in CtB-positive phrenic motor neurons showed increased phospho-Akt after intrathecal EPO-versus vehicle-treated rats ( p Ͻ 0.05). pAkt is at control levels after pretreatment with U0126 (UO) and after LY294002 (LY; p Ͻ 0.05). Data are means Ϯ 1 SEM. *p Ͻ 0.05 versus EPO alone; # p Ͻ 0.05 versus vehicle. Scale bar, 100 m.
hypothesized that pretreatment with the MEK inhibitor U0126 or the PI3K inhibitor LY294002 would attenuate EPO-induced increases in pERK and pAkt, respectively. Phospho-ERK staining was observed in putative C4 phrenic motor neurons of naive rats after vehicle injections (Fig. 3A) and in CtB back-labeled phrenic motor neurons (Fig. 3A, merged panels) . Phospho-ERK labeling increased after EPO injections, but the increase was attenuated by pretreatment with U0126 (Fig. 3A) . Densitometric analysis confirmed increased pERK expression after EPO treatment ( Fig. 3B; 1 .6 Ϯ 0.2-fold vs vehicle; p Ͻ 0.05), and U0126 pretreatment abolished this EPO-induced increase in pERK (0.7 Ϯ 0.3-fold). Surprisingly, LY294002 pretreatment also attenuated the EPO-induced increase in pERK within phrenic motor neurons ( Fig. 3B ; 0.6 Ϯ 0.03-fold).
Phospho-Akt also colocalized with CtB, confirming that this protein is expressed in phrenic motor neurons (Fig.  4 A) . Intrathecal EPO increased Akt phosphorylation (Fig. 4 A) . Pretreatment with LY294002 decreased pAkt below control levels. Densitometric analysis showed that the increase in pAkt after EPO treatment was significant (Fig. 4 B; 1.6 Ϯ 0.2-fold vs vehicle; p Ͻ 0.05). After pretreatment with LY294002, pAkt expression was attenuated (Fig. 4 B; 0.7 Ϯ 0.1-fold; p Ͻ 0.05). Pretreatment with U0126 also brought pAkt levels below that of rats treated with EPO alone (Fig. 4 B; 0.9 Ϯ 0.1; p Ͻ 0.05), indicating a complex interaction between these proteins. Cervical EPO upregulates both pERK and pAkt within phrenic motor neurons. Pretreatment with the MEK/ERK inhibitor reversed increases in both pERK and pAkt, whereas pretreatment with a PI3K inhibitor decreased both pERK and pAkt levels. Thus, EPO activates ERK MAP kinases in phrenic motor neurons, although complex interactions between MEK/ERK and PI3K/Akt are observed after EPO-R activation.
Electrophysiological experiments Regulation of physiological variables under anesthesia
Variables measured during electrophysiological recordings are shown in Table 1 . There were no significant differences among experimental groups in body temperature, base excess, PaO 2 (all measurements Ͼ280 mmHg) or PaCO 2 (all maintained within 1.5 mmHg). As noted in previous studies using this preparation , mean arterial pressure decreases throughout a protocol. However, there were no significant differences in this decrease between treatment groups. Blood pH tended to increase over time, and although the increase reaches statistical significance, (1) it is not different between groups, and (2) the difference is sufficiently small that its biological significance is doubtful (0.007 pH units).
Cervical spinal EPO elicits dose-dependent pMF
Representative traces of phrenic nerve activity before, during, and after EPO (10 l, 20 IU) or vehicle injections into the C4 intrathecal space are shown in Figure 5A . A preliminary EPO dose-response curve is shown in Figure 5B . The dose used in subsequent studies is the dose that affected phrenic motor output without inducing apparent hypoglossal motor facilitation, which would suggest spread to brainstem sites. Mean responses to this dose (20 IU) are shown in Figure 5C . Phrenic burst amplitude was significantly increased from baseline by 30 min and at all time points thereafter (all p Ͻ 0.001; n ϭ 8), indicating pMF. Vehicle control rats did not exhibit significant changes in phrenic burst amplitude at any time (all p Ͼ 0.05; n ϭ 6). Changes in phrenic burst amplitude after EPO injections were significantly greater than in vehicle-treated rats after 60 min (all p Ͻ 0.001). Changes in hypoglossal (XII) motor output were apparent only at higher doses of EPO (Fig. 5B) .
EPO-induced pMF requires spinal ERK activation
To test the hypothesis that EPO-induced pMF requires spinal ERK activation, rats were pretreated with the potent, cellpermeable MEK inhibitor U0126 before EPO administration. Pretreatment with U0126 abolished EPO-induced pMF for at least 90 min (16 Ϯ 11% baseline; n ϭ 5; p Ͼ 0.05 vs baseline; Fig.  6 A) . pMF was significantly greater in rats treated with EPO alone at time points Ͼ60 min after injection (all p Ͻ 0.008). U0126 alone had no effect on phrenic motor output at any time (all p Ͼ 0.05). The U0126 dose was chosen based on a previous study from our laboratory (Dale-Nagle et al., 2011).
EPO-induced pMF requires spinal Akt activation
To test the hypothesis that EPO-induced pMF requires spinal Akt activation, rats were pretreated with the PI3K inhibitor LY294002 20 min before EPO administration. Figure 6 B illustrates that LY294002 pretreatment abolished EPO-induced pMF at the 60 min time point; there was no significant pMF 90 min after EPO injection (24 Ϯ 14% baseline; n ϭ 5; p Ͼ 0.05 vs baseline). LY294002 alone had no effect on phrenic burst amplitude compared with baseline values or vehicle controls (12 Ϯ 10%; n ϭ 7; p Ͼ 0.05). LY294002 doses were chosen based on previous studies (Dale-Nagle et al., 2011) .
Spinal EPO elicits minimal phrenic burst frequency facilitation
Rats treated with 10 IU of EPO showed a slight but significant increase in respiratory burst frequency starting 60 min after injection versus vehicle controls ( Fig. 7A ; all p Ͻ 0.027; n ϭ 3) and at all time points thereafter versus baseline (all p Ͻ 0.027). However, neither higher (e.g., 30 IU, n ϭ 2 and 20 IU, n ϭ 8) nor lower (e.g., 4 IU, n ϭ 2) doses of EPO elicited similar frequency facilitation (vs baseline or vehicle controls for at least 90 min after EPO; all p Ͼ 0.05; Fig. 7B ). Figure 7 , C and D, illustrates that there were no significant differences (vs baseline or controls) in frequency for rats treated with U0126 ϩ EPO (n ϭ 5; p Ͼ 0.05), U0126 alone (n ϭ 6; p Ͼ 0.05), LY294002 ϩ EPO (n ϭ 5; p Ͼ 0.05), or LY294002 alone (n ϭ 7; p Ͼ 0.05). Thus, EPO-induced Figure 6 . EPO-induced pMF is dependent on spinal ERK and Akt activation. A, Spinal EPO elicits pMF (gray dashed line; *p Ͻ 0.001, significant difference from U0126 ϩ EPO and U0126 alone; n ϭ 8). Pretreatment with the MEK inhibitor U0126 abolishes EPO-induced pMF; phrenic amplitude does not increase after baseline measurement (filled diamonds; n ϭ 5; all p Ͼ 0.05). U0126 alone had no significant effect on phrenic motor output (open diamonds; n ϭ 6; all p Ͼ 0.05), and there was no significant difference between U0126 ϩ EPO and U0126 alone (all p Ͼ 0.05). B, Gray dashed line shows EPO-induced pMF (* indicates significant difference from both LY294002 ϩ EPO and LY294002 alone). After treatment with the PI3K inhibitor LY294002, EPO-induced pMF is abolished (filled triangles; n ϭ 5; all p Ͼ 0.05). LY294002 alone had no significant effect on phrenic motor output (open triangles; n ϭ 7; all p Ͼ 0.05), and there was no significant difference between LY294002 ϩ EPO and LY294002 alone (all p Ͼ 0.05). All values are expressed as change in phrenic burst amplitude expressed as percentage baseline. Mean values Ϯ 1 SEM.
† p Ͻ 0.001, significantly different from baseline; *p Ͻ 0.001, significantly different from vehicle at the same time point.
frequency facilitation is small (ϳ13% above baseline) and variable (only observed at one mid-range EPO dose). Discussion EPO, originally described as a hematopoietic factor (Bert, 1882; Bert, 1878; Jourdanet, 1875) , was recently discovered in the CNS (Masuda et al., 1994; Digicaylioglu et al., 1995; Marti et al., 1996; Morishita et al., 1997; Bernaudin et al., 1999; Brines et al., 2000) in which it exerts neurotrophic and neuroprotective effects on neurons, including motor neurons (Celik et . EPO plays an important role in hippocampal synaptic plasticity (Weber et al., 2002; Adamcio et al., 2008) and modulates breathing via peripheral and central neural mechanisms (Soliz et al., , 2007 ). Here we demonstrate that EPO is involved in spinal respiratory motor plasticity. Specifically, cervical spinal EPO-R activation elicits long-lasting pMF. In association, EPO-R activation increases phosphorylated ERK and Akt expression within identified phrenic motor neurons. EPO-R-induced pMF appears to require both MEK/ERK and PI3K/Akt activity, consistent with reported EPO signaling cascades (Gobert et al., 1995; Bao et al., 1999) . EPO-induced pMF and increased phospho-ERK expression are both blocked by MEK and PI3K inhibition. In addition, MEK and the PI3K inhibition also blocked EPO-induced Akt phosphorylation within phrenic motor neurons. Although immunohistochemistry reveals that both EPO and its primary receptor are located on phrenic motor neurons, suggesting that possible autocrine actions and the possibility of paracrine actions should also be considered. Our working model of EPO-induced pMF is shown in Figure 8 .
Because EPO expression is increased during hypoxia via HIF-1␣-or HIF-2␣-dependent transcriptional regulation Yeo et al., 2008) , EPO may be involved in well-known models of respiratory motor plasticity elicited by prolonged or repetitive hypoxia (Powell et al., 1998; Mitchell and Johnson, 2003; Mahamed and Mitchell, 2007) .
ERK and EPO-induced pMF
ERK1/2 are involved in hippocampal synaptic plasticity (Impey et al., 1999; Valjent et al., 2001; Sweatt, 2004) , long-term spatial memory formation (Brambilla et al., 1997; Kornhauser and Greenberg, 1997; Blum et al., 1999; Selcher et al., 1999) , facilitation of the Aplysia gill withdrawal reflex (Martin et al., 1997) , and respiratory motor plasticity. Multiple cellular cascades lead to pMF and frequently converge on ERK and/or Akt signaling (Dale-Nagle et al., 2010a) . One well-known form of pMF is pLTF after acute intermittent hypoxia (Fuller et al., 2000; Mitchell et al., 2001) . New BDNF synthesis is necessary and sufficient for pLTF, followed by activation of the high-affinity BDNF receptor TrkB (BakerHerman et al., 2004) . TrkB subsequently increases ERK phosphorylation near the phrenic motor nucleus (Wilkerson and Mitchell, 2009) , and MEK/ERK signaling is necessary for pLTF (Hoffman and Mitchell, unpublished observations) . VEGF-induced pMF is also MEK/ERK dependent, at least in part (Dale-Nagle et al., 2011) . Collectively, available data indicate an important role for ERK in spinal respiratory motor plasticity, including EPO-induced pMF.
Akt-and EPO-induced pMF
The PI3K/Akt pathway is also involved in synaptic plasticity (Franke et al., 1997) , including chemotaxis learning in Caenorhabditis elegans (Tomioka et al., 2006) , hippocampal LTP (Opazo et al., 2003) , and fear conditioning in rat prefrontal cor- Figure 8. Working model of EPO-induced pMF. EPO binds EPO-R, in either an autocrine or paracrine manner, initiating the JAK2/STAT5, MEK/ERK, and PI3K/Akt pathways. Both the MEK/ERK and PI3K/Akt pathways are required for EPO-induced pMF because the MEK inhibitor (U0126) and the PI3K inhibitor (LY294002) abolish EPO-induced pMF. However, because pretreatment with LY294002 inhibits pERK expression in phrenic motor neurons, there may be complex interactions between these pathways that are unique to the EPO signaling cascade (Schmidt et al., 2004) . Although mechanisms downstream from ERK and Akt are unknown, EPO may increase glutamate receptor insertion on the postsynaptic membrane between premotor and phrenic motor neurons, thereby amplifying synaptic inputs and eliciting pMF.
tex (Sui et al., 2008) . Here we show that the PI3K/Akt pathway is crucial for EPO-induced pMF.
Akt phosphorylation and/or activation is important in some forms of pMF that involve G s -protein-coupled metabotropic receptors (Dale-Nagle et al., 2010a). Increased Akt phosphorylation is associated with pMF induced by spinal activation of adenosine 2a or serotonin type 7 receptors, a novel pathway eliciting TrkB trans-activation without new BDNF synthesis Hoffman and Mitchell, 2011) . Although the requirement for PI3K/Akt signaling has not been tested for A2a receptorinduced pMF, it is necessary for 5-HT 7 -receptor-induced pMF (Hoffman and Mitchell, 2011) . Spinal VEGF receptor activation also elicits pMF via an Akt-dependent mechanism (Dale-Nagle et al., 2011). Thus, Akt signaling is critical for multiple forms of spinal respiratory motor plasticity, including EPO-induced pMF.
ERK/Akt interactions
Our interpretations concerning the respective roles of MEK/ERK and PI3K/Akt signaling in EPO-induced pMF were complicated by effects of LY294002 on phospho-ERK levels in phrenic motor neurons, as well as effects of U0126 on phospho-Akt levels (Fig.  3B) . Although one possibility is that the drugs have nonspecific effects, a detailed study of direct LY294002 interactions with various proteins (including PI3K family members) revealed no interactions between LY294002 and MEK or ERK MAP kinases (Gharbi et al., 2007) . Conversely, some indirect MEK/ERK and PI3K/Akt interactions have been reported (Ballif and Blenis, 2001; Hayashi et al., 2008; Kodiha et al., 2009 ). Of particular note, EPO-R signaling is more complex than previously thought; Schmidt et al. (2004) report that PI3K activity is necessary for EPO-induced MEK/ERK activation depending on the EPO concentration and interactions with other growth factors. Thus, we cannot be sure whether Akt is directly or indirectly necessary for EPO-induced pMF because it is required to activate ERK. Regardless, our fundamental conclusions remain sound: both ERK and Akt activation are necessary for full expression of EPOinduced pMF.
EPO-induced frequency facilitation
In anesthetized, paralyzed, vagotomized and ventilated rats, pMF is most prominent in phrenic burst amplitude, with small, inconsistent effects on respiratory burst frequency . In the present study, we performed a limited cervical EPO dose-response curve, enabling us to prevent drug spread to the brain and to localize drug effects to spinal segments associated with the phrenic motor nucleus. As a marker for brain effects, we monitored XII nerve activity, which did not show significant changes in burst amplitude after 10 IU EPO injections. However, this same intrathecal dose elicited a small increase in burst frequency that began 60 min after injection. This frequency facilitation could be attributable to undetected spread of EPO to brainstem regions; however, larger EPO doses (20 and 30 IU, which should have increased rostral spread) did not elicit similar frequency responses. Thus, we suspect that the frequency facilitation at 10 IU arose from (1) spinal EPO-R activation in ascending sensory pathways that converge on brainstem rhythm generating neurons and/or (2) a spontaneous, low baseline frequency before EPO administration in the 10 IU group (not the 20 or 30 IU groups; data not shown). Although there is no explanation for this relatively low baseline frequency in the 10 IU EPO group, frequency facilitation after acute intermittent hypoxia is negatively correlated with baseline frequency (Baker-Herman and . Thus, we consider the frequency facilitation observed here to be a spurious result. Because of the small and inconsistent nature of this frequency facilitation, we did not explore it further.
Possible significance
We do not suspect that EPO plays a role in pLTF after acute intermittent hypoxia, a distinct form of pMF that requires new BDNF synthesis via translation of existing mRNA (BakerHerman et al., 2004) . The time domain of pLTF is too short for transcriptional regulation of EPO (Ͻ1 h).
After exposure to intermittent hypoxia for days (or longer), pLTF is enhanced, demonstrating a form of respiratory metaplasticity (Ling et al., 2001; Wilkerson and Mitchell, 2009) . EPO has considerable potential to play a role in respiratory metaplasticity after repetitive or prolonged exposures to intermittent (or sustained) hypoxia, such as ventilatory acclimatization to chronic hypoxia (Powell et al., 1998) . As yet, these ideas remain untested.
Possible therapeutic implications
We recently attempted to harness respiratory plasticity induced by repetitive acute intermittent hypoxia as a therapeutic approach in cases of ventilatory compromise (Mitchell, 2007) , such as after cervical spinal cord injury (Vinit and Kastner, 2009; Dale-Nagle et al., 2010b; Trumbower et al., 2012) or amyotrophic lateral sclerosis (ALS) (N. N. Nichols and G. S.
Mitchell, unpublished observations).
EPO expression is upregulated after spinal injury and can prevent apoptosis from anoxia, excitotoxicity, and glucose deprivation . However, because of the longer time frames for CNS EPO production, endogenous upregulation of this molecule is unlikely to play any major role in acute phases of injury. Consequently, recent studies have used exogenous EPO application to promote neuroprotection and functional recovery after spinal injury (Gorio et al., 2002; Kaptanoglu et al., 2004; Boran et al., 2005; Arishima et al., 2006; Cetin et al., 2006; Grasso et al., 2006; Okutan et al., 2007; Vitellaro-Zuccarello et al., 2007 , 2008 Fumagalli et al., 2008; Zhang et al., 2010 ). An unintended outcome of this EPO administration may well have been increased breathing, which can be good or bad depending on the prevailing state of the patient. If breathing is inadequate as a result of cervical injury, then EPO-induced pMF is expected to restore lost breathing function.
EPO has also been investigated for its potential as an ALS treatment, including studies on spinal cultures (Nagań ska et al., 2010), SOD1 G93A mice (Grignaschi et al., 2007; Koh et al., 2007) , and human patients (Maurer et al., 2008; Lauria et al., 2009) . Early results suggest a degree of neuroprotection, although benefits have been limited and such treatments are unlikely to "cure" the disease.
We suggest that an unrecognized benefit of EPO treatments may be improved respiratory (and somatic) motor function attributable to mechanisms of induced motor plasticity. These effects could be of crucial importance because ventilatory complications are the leading cause of death after spinal injury or in ALS patients.
